ABSTRACT: Climate change has a high chance of stimulating soil organic carbon (SOC) decomposition, thereby accelerating carbon release in soil. Alpine ecosystems sequester large amounts of SOC. However, little is known about long-term trends and future changes of SOC in alpine ecosystems. In this study, the Lund-Potsdam-Jena dynamic global vegetation model for China (LPJ-CN) was applied to simulate temporal and spatial responses of soil organic carbon density (SOCD) to climate change in Three-River Headwater (TRH) of the Tibetan Plateau from 1981 to 2100. LPJ-CN is a modified dynamical vegetation model based on Chinese terrestrial ecosystem features. Results suggest that average SOCD for the TRH in the period from 1981 to 2010 was 3.97 kg C m ; spatially there was a gradient of decreasing SOCD from east to west across the TRH. Under climate change scenarios, SOCD over TRH as a whole is projected to decrease until reaching it lowest level circa 2070, and to rise thereafter. However there may be some regional variation, with SOCD increasing in west TRH and decreasing in east TRH. This decreasing trend may be enhanced further in a warming climate. However, the pattern of higher SOCD in the east and lower SOCD in the west may have less variation in the future. In general, climate warming in the future may lead to a corresponding decrease in SOCD in TRH, which may accelerate carbon release from alpine soils.
INTRODUCTION
The terrestrial ecosystem carbon (C) cycle is important for global climate change, since -according to the IPCC (2007) -global soil contains roughly 3 times the amount of C as that contained in vegetation and twice the amount as that in the atmosphere. Hence, minor changes in soil C stock will have significant effects on atmo spheric CO 2 concentration (Johnston et al. 2004 ). Ter restrial ecosystems in high latitudes of the Northern Hemisphere are considered important C sinks be cause of their high soil organic carbon density (SOCD). A close correlation exists between the magni tude of C sinks and climate because C is sensitive to climate change. Climate change affects the se questration and release of soil organic carbon (SOC). Changes in SOC stock will alter the atmospheric CO 2 content, which could either weaken or enhance the greenhouse effect. The Tibetan Plateau, also called the 'third pole' of the Earth, has a unique en vi ron ment, diverse vegetation, and high climate-change sen -sitivity (Yao et al. 2000) . A large amount of C could be sequestrated in the soil of the Tibetan Plateau for a long period because of its cold and relatively humid climate. However, climate change in the Tibetan Plateau is marked, with an average temperature increment of 0.36°C (10 yr) −1 in the past 50 yr (Yi et al. 2011) . Permafrost thawing has accelerated and soil microbial activities have been enhanced by this increase in temperature. Thus, the decomposition rate of SOC has also changed (Zhang et al. 2006 , Li et al. 2009 ). Therefore, study of the estimated effect of future climate change on SOC in alpine ecosystems addresses an important issue in terrestrial carbon cycle research and can provide useful inputs for environmental policy making.
The SOC of alpine ecosystems elicited con siderable research attention. SOC stock has been estimated in different soil types in the Tibetan Plateau using soil surveys (Wang et al. 2003) . Yang et al. (2009) re ported that SOC stock in alpine grasslands remained re latively stable from 1980 to 2004, based on a com parison of data from the Second National Soil Survey, completed in the early 1980s, and with more recent field soil sample data. Zhang et al. (2006) used century model simulation and found that SOC decomposition in alpine grasslands has accelerated over the past 40 yr because of climate change. The majority of global climate change models show that global warming will result in the loss of soil C (Sundquist 1993), particularly in high latitudes characterized by relatively low temperatures (Kirsch baum 1995). Oechel et al. (2000) reported that C sinks turn into a C source in northern high-latitude tundra ecosystems under cli matic warming. Goulden et al. (1998) found that SOC is very sen sitive to freezing depth and thawing time caused by global warming. Based on their research on the C balance of black spruce Picea mariana eco systems in Canada they found that black spruce ecosystems could be come a C source because of cli mate warming. Field experiments and observations of alpine eco systems suggest that the soil of alpine ecosystems may re lease large amounts of C and be come an atmo spheric C source as the climate warms (Zhang et al. 2003 , Zhao et al. 2005 . However, little is known about long-term trends and future projected changes of SOC in alpine ecosystems.
Three-River Headwater (TRH) (Fig. 1) , which is located in the southeast of the Tibetan Plateau, is the source of the Yangtze, Yellow, and Lanchang Rivers. the TRH covers approximately 3.63 × 10 5 km 2 with an average altitude of over 4000 m above mean sea level. The TRH has a plateau continental climate, where climate regimes switch from predominantly cold and dry to warm and dry. TRH vegetation mainly consists of alpine grassland, which accounts for more than 70% of the total TRH area and contains the highest density of soil carbon on the Tibetan Plateau ). The TRH is the main body of the Tibetan Plateau, where plant growth is heavily affected by specific climatic conditions, thus being sensitive to climate change, which makes it ideal for studies on the effects of climate change on ecosystems (Zhao 2009 ). In recent years, alpine ecosystem research for the TRH has attracted much attention, particularly after the implementation of Ecological Protection and Construction Project of TRH (EPCPTRH) by the Chinese central government in 2005 (Liu et al. 2010) . The TRH has become a focal area for alpine ecosystem research. Therefore, the TRH was selected as the study area for this research.
Climate change affects sequestration and decomposition of SOC in 2 major ways: (1) through plant productivity and litter input rate, and (2) through decomposition rate of litter and SOC. It is likely that these 2 aspects interact and are inseparable from one another, whereas past studies that consider the 2 processes are still not yet conclusive (Johnston et al. 2004) . A dynamic vegetation model based on biophysical, bio geographical and biogeochemical process provides an effective approach to overcome these uncertainties. In this study, SOC dynamics in TRH was simulated with a modified Lund-Potsdam-Jena (LPJ) dynamic global vegetation model (DGVM) (Sitch et al. 2003 , Gerten et al. 2004 , which was calibrated to simulate ecosystem dynamics in China . The study projects the future effects of climate change on SOC in TRH under 2 regional climate scenarios.
METHODS AND DATA

Methods
The LPJ model (Sitch et al. 2003 , Gerten et al. 2004 ) is an intermediate complex DGVM, which was developed based on the early equilibrium model (BIOME3) and incorporates many features of BIOME series models. For example, the estab lishment and death of natural vegetation are mainly controlled by bioclimatic limits, and gross primary productivity of each functional type is calculated by the coupling of carbon and water. LPJ combines terrestrial vegetation dynamics and carbon and water exchanges in a modular framework. LPJ can also simulate carbon and nutrient cycling among plant-soil-atmosphere interfaces, as well as photo synthesis, net primary productivity (NPP), and carbon storage of vegetation and soil. In LPJ, litterfall from vegetation enters above and below ground litter pools. Part of the litter decomposes and transforms into CO 2 , which is directly released into the atmo sphere. The remaining litter is divided into slow and fast soil organic matter (SOM) pools. Decomposi tion rate (k) is a function of soil temperature and mois ture. Temperature dependence g(T ) follows the modified Arrhenius relationship (Lloyd & Tay lor 1994) . The soil moisture relationship f(w) is from Foley (1995) . Decomposition rate, temperature de pendence, and soil moisture relationship are expressed as:
where τ 10 is the decomposition rate for SOM at 10°C, c is the pool size at time t with c 0 representing its initial size, T is the soil temperature, and w 1 is the average moisture status in the upper soil layer.
The semi-empirical approach of Haxeltine & Prentice (1996) is used to model soil hydrology with snowmelt, freeze/thaw, percolation, rainfall, evapo transpiration, and runoff considered. A detailed description on soil hydrology is given by Gerten et al. (2004) .
Soil temperature follows surface temperatures with damped oscillation, which is the function of surface temperature and soil thermal diffusivity that depends on soil texture and soil water content. Soil temperature at depth z and time t is assumed to follow an annual sinusoidal cycle of air temperature (Campbell & Norman 2000) .
) (5) Here, T ave represents the mean annual tempera ture above the respective layer, A represents amplitude of
, where c is the volumetric heat capacity and λ is the thermal conductivity. Ω is the angular frequency of oscil lation.
LPJ replicates spatial permafrost distribution by using the normalized frost index F (Nelson & Outcalt 1987) , which can be expressed as
where D f represents annual freezing degree-days, and D t represents the annual thawing degree-days.
Thaw depth represents soil depth z of the 0°C isotherm. Thaw depth is computed by applying Newton's method by finding the null of Eq. (5) numerically for each simulation day.
where T ' is the estimate of T. If a thawing or freezing event occurs, then asso ciated soil water will shift between the separate pools for water and ice for each layer, and soil moisture is recalculated, which in fluences soil thermal properties for the next simulation day. See Sitch et al. (2003) and Gerten et al. (2004) for more detailed descriptions of LPJ.
Many characteristics of Chinese ecosystems are not reflected in LPJ because LPJ research has been mainly conducted in Europe and America. Therefore, in its original form, LPJ is not suitable in simulating ecosystem dynamics in China. In accordance with ecosystem characteristics in China, LPJ was modified by adding shrub and cold grass plant functional types (PFTs), updating PFT bioclimatic limits, and adopting the Penman-Monteith scheme to compute evapotranspiration. Simulation results of this modified LPJ-DGVM for China (LPJ-CN) were validated with observed datasets . Simulation results of NPP from LPJ-CN match observed data Ni (2003) . Therefore, LPJ-CN is appropriate for simulating ecosystems in China. Details of LPJ-CN are given in Zhao et al. (2010) . In the present study, LPJ-CN was employed to simulate responses of SOC to climate change.
Data
Climate baseline
Observed climatic data, including monthly mean temperature, monthly mean maximum temperature, monthly mean minimum temperature, monthly precipitation, monthly precipitation days, monthly mean relative humidity, monthly mean wind speed, and monthly sunshine hours, were obtained for 30 stations across the TRH and neighbouring areas from 1981 to 2010 from the National Climate Centre of the China Meteorological Administration. To obtain cli matic grid data, station point data were interpolated to continuous sur faces with spatial resolutions of 0.1°× 0.1° latitude and longitude by using the thin plate spline method (Hutchinson 1998 ). The observed climatic data from 1981 to 2010 were treated as the baseline condition for initial model calibration.
Climate scenarios
Climate scenarios in the late 21st century were produced by the Institute of Environment and Sustainable Development in Agriculture affiliated with the Chinese Academy of Agricultural Sciences using the Providing Regional Climate for Impacts Studies (PRECIS) system (Jones et al. 2004 ) based on the IPCC's 'Special Report on Emission Scenarios' (Nakicenovic et al. 2000) . These climate scenarios have been widely applied in various assessments of climate change in China (Xiong et al. 2009 , H. Yang et al. 2010 , Zhao et al. 2011 . In this study, the climatic data for A2 and B2 scenarios were selected to evaluate the effects of climate change on SOCD on TRH. The A2 scenario has higher emissions of green house gases and is characterized by self-reliance, local identities, and continuous population growth. Economic develop ment is regio nally oriented. The B2 scenario represents moderate emissions of green house gases and is characterized by a continued but moderated increase in population and moderate economic growth, with emphasis on local solutions for economic, social, and environmental sustainability. We cal culated monthly mean ano malies from the difference between observed data and PRECIS-ge n e rated data for the baseline term (1981 to 2010), and then added the anomalies to scenario data to provide model input for the scenario period (2011 to 2100).
Following PRECIS, annual mean temperature in the TRH (Fig. 2 ) is projected to increase by 4. reduces from southwest to northeast of the TRH, with the largest increase occurring in Henan and Jiuzhi. Total annual precipitation is projected to increase by 6 to 7% (B2). The highest increase in total annual precipitation occurs at the middle part of the TRH, including Chengduo, Maduo, and Yushuxian. Slight decreases in precipitation occur in Nanqian and Zhiduo. This study utilized four 30 yr periods to study spatial and temporal variations in SOCD: the baseline period 1981 to 2010; near term: 2011 to 2040; mid term: 2041 to 2070; and long term: 2071 to 2100.
Soil data
Soil-texture data from the map of soil texture types (1:14 000 000) (Zhang et al. 2004 ) was used in this study. Soil-texture data provided information on the proportions of mineral grains of different sizes in topsoil and the geographical distribution of different soil texture types in a given region. The soil textures were classified as clay, silt, sand, silty sand, sandy clay, silty clay, and clay with silt and sand following the standard classification of soil texture of the Food and Agriculture Organization of the United Nations (Ni et al. 2000) to meet model input requirements. Soil data were then transformed into ArcInfo9.3 grid format and resampled to a spatial resolution of 0.1 × 0.1° latitude and longitude.
Measured SOCD data
Observed SOCD data were obtained from Y. H. , who produced an SOCD dataset on the grasslands of northern China. The SOCD dataset contained soil data derived from the National Soil Inventory of China produced during the 1980s and 5 consecutive annual regional soil surveys on the grasslands of China from 2001 to 2005. The inventory recorded geographic location, land cover infor mation, layer thickness, bulk density, and SOM. SOM was converted to SOC using the constant 0.58 (Xie et al. 2007 ). In the 5 consecutive soil surveys, 327 sites were sampled across the grasslands of northern China. At each site, 3 profiles were taken at depths of 0−10, 10−20, 20−30, 30−50, 50−70, and 70−100 cm. SOC concen tration was analyzed with Walkley-Black method (Nelson & Sommers 1982) after soil samples were sieved through a 2 mm mesh and ground in a ball mill. The part of this dataset corresponding to TRH was extracted for use in this study.
RESULTS
Validation of simulated SOCD and its interannual change in the period 1981−2010
SOCD simulated by LPJ-CN was closely correlated with actual measurements (R 2 = 0.62), thus indicating that LPJ-CN is reliable for regional SOCD assessment (Fig. 3) ) in west Zhiduo and Tang gulaxiang affiliated Geermu (Fig. 5) . 
Changes in SOCD at the regional scale in the future
Spatial patterns of SOCD during different warming periods
The spatial pattern of SOCD in the near term (Fig. 7) is similar to that in the baseline period. SOCD decreases over most areas of the TRH (64 and 60% of the study area under A2 and B2 scenarios, respectively). The average decrement in SOCD is 0.15 kg C m −2 compared to the baseline period. The most pronounced decrease in the near term (> 0.7 kg C m −2 ) occurs in the south and east of the TRH. The west of the TRH experiences a slight increase (< 0.1 kg C m −2 ). No obvious spatial changes of SOCD occur in the mid term compared with the near term, but the magnitude of variation in SOCD intensifies in the mid-term period (Fig. 8) . SOCD shows an increasing trend in 58% (A2) and 41% (B2) of the study area. Average increments in SOCD are projected to be 0.39 and 0.59 kg C m −2 under A2 and B2 scenarios, ) occur in the east and south of TRH, principally in Henan, Banma, Dari, and Nanqian. SOCD increases by 0.25 kg C m −2 in the west of TRH. A slight expansion in the area of SOCD showing a de creasing trend occurs in the long term (Fig. 9) , when it accounts for 58% (A2) and 59% (B2) of the total TRH area. However, the magnitude of the decrement in SOCD is greater, i.e. approximately 0.76 and 0.67 kg C m −2 under A2 and B2 scenarios respectively. The grea test decrements still exist in 4 counties of the east and south as that in the mid term simulation; however, the magnitude of the de crement in SOCD (> 3 kg C m −2 ) is far higher than that in the mid term. SOCD in the west of the TRH is likely to keep increasing, and the range of va lues across the region is projected to increase com pa r ed with the mid term, particularly for the A2 scenario. apply only to grasslands, comparing the 2 studies is reasonable because grasslands occupy more than 70% of the total area of TRH. The spatial pattern of SOCD, decreasing from southeast to northwest of TRH, found in this study is similar to that found by Xie et al. (2004) and Wang et al. (2003) using a comprehensive soil survey. Based on these comparisons, LPJ-CN can be considered to capture the basic dynamics of regional SOCD in TRH. trast in creasing pre cipi tation in the west can induce SOC immobility. While SOCD showed a de clining trend in the TRH as a whole after 2003, heterotrophic re spiration across the TRH showed a significant increasing trend, with an increase higher than that for NPP (Fig. 10) . Y. H. reported that SOC in northern China's grassland remained relatively constant from the 1980s to the 2000s based on data from a soil field survey, since SOC dynamics of between 6% loss and 9% gain could not be de tected by site-level comparison. Mea suring C stock changes in the field by using direct measurements is a difficult task (Conen et al. 2003 , Smith 2004 . Simulation using ecosystem models is a very effective approach for detecting the effect of climate change on SOCD. Under climate change scenarios A2 and B2, SOCD in TRH shows a sig nificant declining trend in the period after 2010. Climate change in the future is likely to be characterized by rising temperature and slightly increasing pre cipitation in this region (Fig. 2) . These characteristics may stimulate plant pro duction, by reduc ing low temperature limitation on plant growth and may accel erate microbial me ta bolism of SOM as sociated with hetero trophic respiration. Hetero trophic respira tion will increase in the TRH be cause of the warming climate and is likely to be greater than plant production between 2011 and 2070, thus leading to the release of SOC. However the declining tendency of SOCD is reversed after 2071, particu larly in the west, because of an NPP incre ment higher than that for heterotrophic respiration (Fig. 11 ).
DISCUSSION
Regional differences are apparent in the simulated responses of SOC to climate changes. SOCD tends to decrease in the east and increase in the west. This phenomenon may be caused by the regional difference in carbon inputs from plant production, which are likely to rise in the western region, but remain relatively constant or even decline in the eastern region. Based on observed data, Y. H. found that SOCD changes tend to be greater in areas with higher SOCD. Similarly, Holmes et al. (2006) showed that the direction of SOC change following forest clearing was related to original forest soil carbon content.
In this study, SOCD changes for the TRS in the 21st century remain uncertain because of limitations with regard to research methods. After parameters were modified and cold grass PFT were added in the original LPJ based on local ecosystem characteristics, the resulting LPJ-CN was able to capture the temporal and spatial pattern of SOC more effectively than the original LPJ model. Unlike some biogeochemical models that explicitly simulate fluxes of carbon and nitrogen for terrestrial ecosystem, LPJ has simplified algorithms for biogeochemical processes to improve computational efficiency. For example, LPJ assumes that no limitations in nitrogen, phosphorus, and sulphur occur. However, SOC accumulation may be constrained by nitrogen (Hungate et al. 2003) . Therefore, further work on parameter calibration and model improvement remains necessary. In addition, the use of climate scenarios could lead to uncertainty of simulated results. General circulation models operating on resolutions of 200 to 300 km are coarse for studies of climate change effects on ecosystems at a regional scale. Although the output of PRECIS has been improved by enhancing spatial resolution in this study, such problems cannot be entirely eradicated to rule out uncertainties.
Finally, temporal and spatial changes of SOCD have been projected based on natural vegetation, which is free from the influence of human activities. The Tibetan Plateau is the largest and highest region in the world and has few residents. The TRH is among the most sparsely populated areas in the Tibetan Plateau. Moreover, the number of residents may fall further in the future because of enforced ecological migration associated with EPCPTRH, which will further reduce levels of human disturbance in the TRH. 
